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ABSTRACT. We investigated area changes in glaciers covering an area of !200 km2 in the Tista basin,
Sikkim, Eastern Indian Himalaya, between !1990 and 2010 using Landsat Thematic Mapper (TM) and
Indian Remote-sensing Satellite (IRS) images and related the changes to debris cover, supraglacial lakes
and moraine-dam lakes. The glaciers lost an area of 3.3"0.8% between 1989/90 and 2010. More
detailed analysis revealed an area loss of 2.00"0.82, 2.56" 0.61 and 2.28"2.01 km2 for the periods
1989–97, 1997–2004/05 and 2004–2009/10, respectively. This indicates an accelerated retreat of
glaciers after 1997. On further analysis, we observed (1) the formation and expansion of supraglacial
lakes on many debris-covered glaciers and (2) the merging of these lakes over time, leading to the
development of large moraine-dam lakes. We also observed that debris-covered glaciers with lakes lose a
greater area than debris-covered glaciers without lakes and debris-free glaciers. The climatic data for
24 years (1987–2011), measured at the Gangtok meteorological station (1812ma.s.l.), showed that the
region experienced a 1.08C rise in the summer minimum temperature and a 2.08C rise in the winter
minimum temperature, indicating hotter summers and warmer winters. There was no significant trend in
the total annual precipitation. We find that glacier retreat is caused mainly by a temperature increase and
that debris-covered glaciers can retreat at a faster rate than debris-free glaciers, if associated with lakes.
INTRODUCTION
The glaciers of the Himalaya contribute to a varying degree
to the overall river runoff in South Asia. The highest
contribution is from the Indus River which originates in
the northwest Himalaya (Immerzeel and others, 2010). The
contribution of glacier meltwater to the overall runoff, which
is higher in the upper reaches of the rivers (Kaser and others,
2010), constitutes the main water source for micro and mini
hydroelectric projects, irrigation, and domestic and adven-
ture tourism for different regions (Krishna, 2005). However,
detailed information about the importance of glacier melt is
still rare, though precise data about glacier area and volume,
their changes over time and the causes of these changes
exist. While glacier area changes have been comparatively
well documented in the western Indian Himalaya (Kulkarni
and others, 2011; Bolch and others, 2012), little information
is available for the eastern Himalaya including the Sikkim
Himalayan glaciers. Many glaciers in the Himalaya are
covered with supraglacial debris that alters their response to
climate change (Scherler and others, 2011; Bolch and
others, 2012). While a thick debris cover is expected to
reduce glacier retreat (Scherler and others, 2011), several
recent studies have shown that debris-covered glaciers have
lost significant mass in recent decades or are clearly
retreating despite thick debris cover (Bolch and others,
2011; Ka¨a¨b and others, 2012; Nuimura and others, 2012;
Bhambri and others, 2013). This has been attributed to
enhanced ice melt on glacial lakes and ice cliffs (Sakai and
others, 2000; Bolch and others, 2012).
An extensive glacier inventory for Sikkim Himalaya using
Indian Remote-sensing Satellite IRS-1C/1D LISS III (Linear
Imaging Self-Scanning sensor III) data of 1 January 1997
mapped 84 glaciers occupying an area of 440.30 km2 and
estimated a volume of 140 km3 (Bahuguna and others,
2001). For the volume estimate, the area–volume scaling
method suggested by Meier (1961) and UNESCO/Inter-
national Association of Scientific Hydrology (1970) was
adopted. In the inventory, the majority of glaciers were
smaller than 5 km2 and only two were larger than 20 km2.
The average altitude of the snowline was !6000ma.s.l. in
January 1990. The Sikkim glaciers comprise valley glaciers
with elevations ranging from !3720 to !8400ma.s.l. In
addition, permanent snowfields covering an area of
251.22 km2 were mapped (Bahuguna and others, 2001).
Many glaciers in Sikkim are covered by debris. The largest
and most well-known glacier of Sikkim is Zemu Glacier
(Raina and others, 1973) which is situated below Mount
Kanchenjunga (8586ma.s.l.) and was first mapped during an
expedition of German researchers (Finsterwalder, 1935).
Changme Khangpu, one of the Sikkim glaciers, has been
studied using Si-32 and Pb-210 chronology, and the results
showed (1) a retreat rate of 6ma–1 between 1976 and 1981,
(2) an accumulation rate of 0.7ma–1, and (3) a basal flow of
0.01ma–1 compared to a surface flow of 40ma–1, indicating
that the deeper ice near the bedrock travels much more
slowly than the surface ice (Shukla and others, 1983;
Nijampurkar, 1985; Nijampurkar and others, 1985). Another
study estimated the average rate of glacier retreat as 13ma–1,
for 26 glaciers in Sikkim, using satellite images between
1976 and 2005 (Raina, 2009). Snow studies using the
normalized difference snow index (NDSI) method showed a
maximum snow-cover extent of 50% in February, with
accumulation peaks in October and February. The snow
extent was comparatively high (35–40%) even in the
summer months, indicating different snow accumulation
and ablation patterns in Sikkim as compared to the western
Himalaya (Basnett and others, 2011). However, there is still
very little information on glacier changes in Sikkim. The
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remote and rugged terrain of Sikkim Himalaya and the
politically restricted boundaries inhibit the study of mass-
balance and glacier fluctuations. In addition, supraglacial
and moraine-dammed lakes, which are common in Sikkim
(Raj and others 2012), influence glacier changes.
The aims of this paper are therefore (1) to present a
detailed and long-term analysis of glacier area changes in
Sikkim Himalaya, and (2) to understand the influence of
debris cover and moraine-dam lakes on glacier retreat.
STUDY AREA
We focus on Sikkim Himalaya where many debris-covered
glaciers are present. Sikkim is a part of the Eastern Indian
Himalayan ranges and lies between Nepal and Bhutan
(Fig. 1). It is a mountainous state of India, extending!114 km
from north to south and 64 km from east to west, with a total
geographical area of 7096 km2. The state is situated between
2780004600 and 2880704800 N and 8880005800 and 8885502500 E.
The mountainous topography ranges from 300 to 8598m
a.s.l., covering subtropical to alpine ecozones, within a
short horizontal distance. The state receives an annual
precipitation of 2000–4000mm (http://www.sikkimipr.org),
while the Asian monsoon contributes >80% of precipitation
during the summer months (Bookhagen and Burbank, 2010).
Most of the geographical area of Sikkim is drained by the
Tista River, a tributary of the Brahmaputra River.
DATA AND METHODS
Data sources
Landsat Thematic Mapper (TM) (Level 1T) and Indian
Remote-sensing Satellite (IRS) LISS III satellite images were
analysed to map and monitor the glacier changes (Tables 1
and 2). The LISS III images were co-registered to the Landsat
images and used for delineating glacier boundaries. In
addition, the Landsat TM (Level 1T) and topographic maps of
the Survey of India were used as reference data. The Landsat
images were downloaded from the US Geological Survey
(USGS) website (http://glovis.usgs.gov/), and the topographic
map was acquired from the Sikkim State Council of Science
and Technology and the Department of Mines, Minerals and
Geology, Government of Sikkim. The glacier extents from
the topographic maps, surveyed in 1962/63 and 1966/67,
Fig. 1. Location map of Sikkim. The region is located between Nepal and Bhutan. The map shows locations of glaciers in the Tista basin,
Sikkim. The meteorological data of Gangtok were analysed.
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indicate a general recession. However, we did not use these
outlines for a quantitative assessment, as glacier boundaries
on the topographic maps are uncertain due to errors in the
identification of debris-covered glacier tongues and snow-
fields (Bhambri and Bolch, 2009).
In the western Himalaya where the summer monsoon is
of less influence than in the east, the glaciers are usually
mapped using satellite images of the July–September season,
as the seasonal snow cover is at a minimum and the glaciers
are fully exposed (Kulkarni, 1991). However, in Sikkim, in
the eastern Himalaya where little precipitation occurs during
winter, images from November–December and January have
been selected based on minimal seasonal snow and cloud
cover (Basnett and Kulkarni, 2012). The images were
supplemented with the data of the March and October
season. In addition, multi-date scenes for the same year
were used to overcome issues related to shadows.
Glacier mapping and analysis
Wemanually delineated the glaciers and moraine-dam lakes
using false-colour composites with band combinations of
red, near-infrared (NIR) and shortwave infrared (SWIR), and
a true-colour composite of red, green and NIR, of Landsat
TM/ETM+ and LISS III images. We also used contrast
techniques such as brightness and linear stretching, and a
shaded relief map derived from the Shuttle Radar Topog-
raphy Mission digital elevation model (SRTM DEM) (90m;
http://vterrain.org/Elevation/SRTM/) to aid the manual inter-
pretation of glacial features. In addition, we referred the
Survey of India maps for the identification, location and
interpretation of glaciers on satellite images. We also used
the NDSI (NDSI = (green – SWIR)/(green+ SWIR)) applied on
an Advanced Wide Field Sensor (AWiFS) image of the years
2004 and 2005 to eliminate non-glacier areas under
mountain shadow conditions (cf. Kulkarni and others,
2006). Glacier boundaries in the accumulation area were
demarcated by ‘ice divides’, which were visually detected
and manually digitized based on the shaded relief map.
The glacier area was determined for four different
periods: 1989/90, 1997, 2004 and 2009/10. The 1990
glacier boundary was used as a ‘master inventory’ because
of good image quality. As the oldest data layer, it was used to
estimate glacier retreat for the following years. The changes
were estimated only in the lower region, as very little or no
change was observed in the upper regions. Moreover, since
the upper regions including the accumulation area were
generally snow-covered on the available images, it was
difficult to identify small changes in those areas.
Estimation of uncertainties
Estimating the uncertainty is crucial to assess the signifi-
cance of the results and to avoid misinterpretation. The
accuracy of the outlines depends, typically, on the resolution
of the images used, the conditions during image acquisition
(seasonal snow, shadow) and the contrast between the
glacier and its surroundings (DeBeer and Sharp, 2007). The
latter is especially low for debris-covered glaciers. The most
accurate way to assess glacier outlines would be high-
resolution imagery (Paul and others, 2013). However, such
data were, as in most studies in remote mountainous areas,
not available for our study region. A widely used and
recommended approach is to estimate the uncertainty using
a buffer of up to one pixel size to the glacier margin
(Granshaw and Fountain, 2006; Bolch and others, 2010;
Paul and others, 2013). In this study, uncertainties in the
estimation of ‘glacier extent’ and ‘retreat’ were considered
due to (1) the spatial resolution of satellite data and (2) the
lack of a distinct difference between glacial and non-glacial
areas caused by a debris cover. These are called ‘Mapping’
Table 2. List of satellite data used in the investigation
Year Landsat TM
(path 139 row 41)
Landsat ETM+
(path 139 row 41)
IRS LISS III
(path 107 row 52 )
1989 25 October
1990 13 January
1997 1 January
2004 25 March
2005 14 November 24 December
2009 9 November 1 November
2010 28 January,
25 November
4 November
Table 1. Satellite and sensor characteristics
Landsat 5 TM Landsat 7 ETM+ IRS P6 LISS III
Band Wavelength Resolution Wavelength Resolution Wavelength Resolution
mm m mm m mm m
Blue 1 0.45–0.52 30 0.45–0.52 30 – –
Green 2 0.52–0.60 30 0.52–0.60 30 0.52–0.59 23.5
Red 3 0.60–0.69 30 0.63–0.69 30 0.62–0.68 23.5
Near IR 4 0.77–0.90 30 0.76–0.90 30 0.77–0.86 23.5
SWIR 5 1.55–1.75 30 1.55–1.75 30 1.55–1.70 70.5
Thermal IR 6 10.40–12.50 120 10.40–12.50 60 – –
SWIR 7 2.08–2.35 30 2.08–2.35 30 – –
Swath width – 185 km 141 km
Repeat coverage interval – 16 days (233 orbits) 24 days
Altitude – 705 km 817 km
Quantization – 8 bit 7 bit
Inclination – 98.28 99.0498
Equatorial crossing – Descending node; 10:00 h " 15min 10:30h descending
Source: http://landsat.usgs.gov/Satellite_and_Sensor_Information.php and http://www.isro.org/satellites/earthobservationsatellites.aspx
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and ‘Interpretation’ uncertainties. We estimate the mapping
uncertainty as
Mapping uncertainty (a) ¼ N $ A
2
ð1Þ
where N is the number of pixels along the glacier boundary
and A is the area of the pixel.
The interpretation uncertainty was estimated manually by
mapping possible alternative glacier boundaries (Fig. 2). This
technique was applied for the first time while interpreting
glacier boundaries around the snout, especially for debris-
covered glaciers. Alternative snout positions were estimated
using a visual interpretation technique, based on shape, size,
pattern, tone, texture and association (Kulkarni, 1991). Two
extreme positions were identified at (a) ‘Gmax’ and (b) ‘Gmin’
snout positions as shown in Figure 2. These were used to
estimate uncertainty in the interpretation:
Interpretation uncertainty (b) ¼ Gmax 'Gmin ð2Þ
where Gmax is the maximum possible glacier extent and
Gmin is the minimum possible glacier extent.
Total uncertainty ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2
p
However, the uncertainty of glacier shrinkage is likely to be
overestimated when calculating uncertainty based on the
method mentioned above, because, for each time period,
the vast majority of the area changes are usually restricted to
the snout. Hence, to estimate uncertainties in area changes
between two time periods, the changes in the areal extent
near the snout are considered. These uncertainties in glacier
area changes can be written as
Uncertainty in glacier change ¼ NS $ Aþðinterpretation
uncertaintyÞ
where NS is the number of pixels along the boundary of the
snout where changes occurred.
RESULTS
Glacier area in Sikkim
In this study, 39 glaciers were mapped and monitored, to
estimate the loss in glacier area (Fig. 1). Though the Sikkim
glacier inventory by Bahuguna and others (2001) mapped
84 glaciers covering 440.31 km2, in this study not all the
glaciers could be mapped due to a cloud and snow cover.
Nevertheless, the 39 glaciers mapped occupy an area of
333.0" 9.1 km2 in 1989/90, which represents !75% of the
glacierized area in the Tista basin. The overall loss in glacier
area in 20 years, from 1989/90 to 2009/10, was 6.9"1.5 km2
(!2%). Zemu Glacier (Fig. 1, glacier No. 3) covered 37%
(!131 km2) of the investigated glacier area and showed no
significant change of the terminus in the 1990, 1997, 2004
and 2010 images. This is possibly due to its large size, steep
slope, glacier dynamics and thick debris cover at the tongue
(Venkatesh and others, 2011). Zemu Glacier was not
included in the change analysis, in order to understand the
fluctuations of small and medium-sized glaciers. The
remaining 38 glaciers covered 201.9"7.0 km2 in 1989/90
and showed an overall loss of 6.9"1.5 km2 (!3%) until 2010
(!0.33 km2 a–1). The rate of change was –0.16"0.10%a–1
from 1990 to 2010, with an increasing rate after 1997
(Tables 3 and 4).
A good correlation (r2 = 0.25) was observed between
glacier size and the relative area loss for debris-free glaciers,
indicating a lower loss for large glaciers. However, the
inclusion of debris-covered glaciers weakened the correl-
ation (r2 = 0.10) between the size and area loss (Fig. 3),
suggesting a strong influence of debris on the glacier retreat.
Therefore, we carried out a more detailed analysis for debris-
free glaciers (‘clean’), debris-covered glaciers without lakes
(‘debris’), and debris-covered glaciers with moraine-
dammed lakes (‘debris with lakes’) to estimate the influences
of these parameters on glacier retreat.
Fig. 2. The identification of a glacier terminus can sometimes be difficult using satellite imagery, if glaciers are covered by debris. In this
study, alternative snout positions have been estimated using a ‘visual interpretation technique’, based on tone, texture and colour. This image
shows a true-colour composite with a band combination of green, red and NIR. Two extreme positions were identified at (a) ‘Gmax’ and
(b) ‘Gmin’ snout positions. This was used to estimate uncertainty in the interpretation. A satellite image of LISS III, IRS-P6, 25 March 2004,
path 107 row 52, is shown.
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Glacier comparison: ‘clean’, ‘debris’ and ‘debris with
lakes’
In 1989/90, 12 out of 38 glaciers had no debris cover
(‘clean’), 12 were covered by supraglacial debris (‘debris’),
while 14 were debris-covered and associated with moraine-
dam lakes (‘debris with lakes’). Between 1989/90 and 2010,
we observed (1) an increase in the area of debris cover by
6.5"1.4 km2 and (2) the formation and expansion of
supraglacial lakes on two glaciers (Fig. 4c–f). These lakes
joined and developed moraine-dam lakes on two debris-
covered glaciers (Fig. 5), indicating a transformation in the
characteristics of the glaciers, as debris cover has promoted
the development of lakes. These moraine-dam lakes devel-
oped at the glacier termini at certain altitudes (!6300m
a.s.l.) on the medium-sized ‘debris-covered glaciers’
(Fig. 4f). A field photograph showing moraine-dam lakes at
the terminus of Tista Khangse Glacier (No. 30 in Fig. 1) is
shown in Figure 6.
Glacier area changes
We observed a large difference in the area changes of
(1) clean (mean size 3.2 km2), (2) debris (mean size 6 km2)
and (3) debris-covered glaciers with lakes (mean size
6.4 km2) between 1989/90 and 2009/10. The 12 ‘clean’
glaciers lost 5.3" 1.0% of their area, the 10 ‘debris-covered
glaciers’ lost 3.9" 1.3%, and the 16 ‘debris with lakes’ lost
9.0"1.4% (Fig. 7). Hence, glaciers with ‘debris’ appear to
shrink at a lower rate than ‘debris-free’ glaciers, but the
‘debris with lakes’ glaciers lose area at a much higher rate.
This is about 1.7 times higher than ‘clean’ and 2.3 times
higher than ‘debris-covered glaciers’, suggesting that the
debris cover retards melting while the presence of lakes on
debris-covered glaciers accelerates glacier retreat (Fig. 7).
Altitude zone analysis
The 38 glaciers in this study ranged from!4200 to!7600m,
with an average altitude of !5780m. The mean altitude was
(1) 5783m for ‘clean’, (2) 5610m for ‘debris-covered’ and
(3) 5825m for ‘debris with lakes’ glaciers. The altitude
distribution pattern (Fig. 8) showed that despite similar
glacier altitudes of ‘clean’ and ‘debris with lakes’, the ‘debris
with lakes’ glaciers lost area at a higher rate (Fig. 7),
indicating an accelerated retreat of debris-covered glaciers
when associated with lakes. We also observed a large
difference in the altitude location of glaciers with ‘debris’
versus ‘debris with lakes’. The glaciers with ‘debris’ are
located !200m lower than ‘debris with lakes’ glaciers
(Fig. 9), but showed a three times lower retreat (Fig. 7). This
indicates that the presence of a water body influences and
accelerates melting, while altitudinal differences have a
clearly lower influence. Moreover, though the mean size of
Fig. 3. The influence of glacial size on retreat for debris-covered and clean glaciers (debris-free) between 1989 and 2010. The clean glaciers
show a high loss in glacier area for small-sized glaciers, but the debris-covered glaciers show variable retreat and are independent of
glacier size.
Table 4. Area loss for 38 glaciers in the Tista basin
(1989/90)–1997 1997–(2004/05) (2004/05)–2010 (1989/90)–(2009/10)
Area loss (km2) 2.00" 0.82 2.56" 0.61 2.28" 2.01 6.85"1.50
Annual area loss (km2 a–1) 0.27" 0.11 0.34" 0.08 0.46" 0.40 0.34"0.07
Area loss (%) 0.99" 0.41 1.24" 0.30 1.04" 1.02 3.27"0.77
Annual area loss (%a–1) 0.13" 0.05 0.17" 0.04 0.21" 0.14 0.16"0.10
Table 3. Total glacier area for 38 glaciers in the Tista basin
Year Total glacier area Total uncertainty
km2 km2
1989/90 201.91 "7.09
1997 199.91 "6.64
2004/05 197.41 "6.51
2009/10 195.31 "7.13
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Fig. 4. The distribution and number of ‘clean’, ‘debris’ and ‘debris with lakes’ glaciers: (a) ‘clean’ glaciers (1990) (n =12); (b) ‘clean’ glaciers
(2010) (n=12); (c) ‘debris-covered glaciers without lakes’ (1990) (n=10); (d) ‘debris-covered glaciers without lakes’ (2010) (n =10);
(e) ‘debris-covered glaciers with lakes’ (1990) (n=14); (f) ‘debris-covered glaciers without lakes’ (2010) (n=16). (f) shows an increase in the
number of lakes on debris-covered glaciers over 20 years, between 1990 and 2010.
Fig. 5. Evolution and coalescence of a supraglacial lake and the formation of a moraine dam: (a, b) show no frontal change between 1990
and 1997; (b) shows the evolution of a supraglacial lake and (c) the coalescence of a supraglacial lake, which occupies glacier area between
two lateral moraines; and (d) shows the formation of a moraine dam lake leading to glacier area loss. The four images used are a false-colour
composite with a band combination of red, NIR and SWIR.
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‘debris’ glaciers and ‘debris with lakes’ was comparatively
similar, a higher area loss was observed on ‘debris with lakes’
glaciers, suggesting the influence of lakes on glacier retreat.
Lake area changes
In 2010, 16 lakes were associated with debris-covered
glaciers, and 7 were associated with debris-free glaciers.
The 16 debris-covered glaciers and the 7 debris-free glaciers
associated with lakes both showed a two times higher loss in
glacier area than the glaciers without lakes. Thus, of the
38 glaciers studied in this investigation, moraine-dam lakes
were associated with 23 and these glaciers showed a five
times greater loss in glacier area, suggesting the influence of
lakes on glacier retreat (Fig. 8). The areal extent of the
individual lakes ranged between 0.04 and 2.10 km2, and the
overall lake area increased from 6.6 "0.8 km2 to
9.6"1.1 km2, between 1990 and 2010. This increase in
area was due to the expansion of moraine-dammed lakes, but
also to the formation and coalescence of supraglacial lakes
on two debris-covered glaciers. An example of lake expan-
sion, near the terminus of South Lhonak Glacier (glacier
No. 11 in Fig. 1), is shown in Figure 10.
DISCUSSION
Influence of glacier size on glacier retreat
In this study, the relationship between the glacier size and
the area loss was strong for ‘clean’ glaciers. These glaciers
showed a higher loss in glacial area for smaller glaciers in
comparison with larger ones, which is consistent with the
results in many other mountain regions in the Himalaya (e.g.
the Baspa River and the Bhagirati and Alknanda River basins
(Kulkarni and Alex, 2003; Bhambri and others, 2011)) and
elsewhere in the world (e.g. Paul and others, 2004; Bolch
and others, 2010). However, the correlation between size
and loss in area was weak for debris-covered glaciers and
even weaker for ‘debris with lakes’ glaciers, indicating a
different reaction for the latter. Moreover, the loss in area for
Fig. 7. The influence of debris-covered and moraine-dam lakes on glacier retreat. The numbers of glaciers used to estimate the percentage
loss in area are 12, 10 and 16 for ‘clean’, ‘debris’ and ‘debris with lakes’, respectively. The figure suggests that debris cover can retard retreat.
However, debris cover can also lead to the formation of lakes on moraines and this can accelerate retreat.
Fig. 8. The glaciers associated with lakes showed a higher loss in glacier area for all three observational periods, suggesting the influence of
lakes on glacier retreat.
Fig. 6. Moraine-dam lake (Khangchung Chho) at the terminus of
Tista Khangse Glacier (No. 30 in Fig. 1).
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the ‘debris with lakes’ glaciers was twice as high as for the
‘debris’ glaciers (Fig. 7), though they were located almost at
the same altitude (Fig. 9) and were of similar size (!6 km2).
This suggests that glacier retreat is affected much more by
the presence of a water body on debris-covered glaciers than
by altitude. Therefore, in the following subsections, detailed
discussions are carried out to understand the influence of
debris cover and lakes on glacier retreat.
Influence of debris cover and glacial lakes on glacier
variations
Thick debris cover on glaciers leads, in general, to less
frontal retreat or even stable tongues, as it lowers the rate of
surface melting, as in Zemu Glacier and many other glaciers
in the Himalaya (Tangborn and Rana, 2000; Bolch and
others, 2008; Nainwal and others, 2008; Racoviteanu and
Fig. 9. Area–altitude distribution of glaciers in Sikkim. The ‘debris-covered glaciers with lakes’ are distributed at higher altitudes than ‘debris-
covered glaciers without lakes’. The ‘clean’ and ‘debris-covered glaciers with lakes’ are distributed almost equally in the higher regions.
Fig. 10. The moraine-dammed lake at the terminus of South Lhonak Glacier (glacier No. 11 in Fig. 1) has expanded from 0.50" 0.05 km2 to
1.08" 0.07 km2 between 1990 and 2010. The expansion of the lake has reduced the glacier area by 4.39" 0.71%.
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others, 2008a,b; Bhambri and others, 2011; Scherler and
others, 2011). However, this study suggests that debris-
covered glaciers can have a large area loss despite a thick
debris cover, if associated with lakes. This fact is important
for Sikkim Himalaya as the majority of debris-covered
glaciers in this region have moraine-dam lakes (Fig. 4f).
Initially, as observed in this study, some debris-covered
glaciers had stagnant fronts (Fig. 5), but over a period of
time, lakes developed (1) near the terminus and (2) on the
middle regions of the glacier tongues. These lakes, when
formed at the terminus, merged and developed into
moraine-dam lakes. In addition, the supraglacial lakes
formed on the interiors of the glacier tongues, united and
extended their area onto the lateral margins of the glaciers.
When the boundaries of the lakes touch the lateral bound-
aries of the glacier, they cease to be a part of the glacier. The
ice beyond the lake then becomes inactive and is separated
from the glacier, leading to a loss in glacier area. This
phenomenon was well observed in Changsang Glacier
(17.9% debris-covered; Fig. 5), where between 1990 and
1997 a supraglacial lake was part of the glacier. After 2004,
however, it was no longer part of the glacier area, as the lake
periphery collided with the lateral boundaries of the glacier,
resulting in a loss of glacial area, caused by the formation of
lakes and dead ice mounds. Once a stable lake is formed, it
leads to the transfer of latent heat flux at the interface of
water and ice (Sakai and others, 2000). In addition, a lake
can absorb more solar radiation due to the lower albedo of
water. These energy exchange processes cause the melting
of ice below the lake water and finally its disappearance, if
the lake is large and stable over a long period. This situation
was also observed at several other debris-covered glaciers in
the Himalaya and described for Imja Lake in the Mount
Everest region (Fujita and others, 2009; Watanabe and
others, 2009).
An increase in area of the debris cover on glaciers has
also been detected elsewhere in the Himalaya (Bolch and
others, 2008; Bhambri and others, 2011; Kamp and others
2011), indicating increased debris production, which
reduces glacier transport capacity and leads to negative
mass balances (Benn and others, 2012; Bolch and others,
2012).
Debris cover can cause differential rates of melting. Near
the terminus, a thick debris cover retards melting, but at the
upper reaches of the glacier tongue the thinner debris cover
causes higher rates of melting. This causes a lessening, or
even reversal, of the surface gradient (cf. Bolch and others
2011; Benn and others 2012) and leads to the formation of
supraglacial lakes (Bennett and Glasser, 2009). These lakes
then become prone to glacier melt (Sakai and Fujita, 2010;
Benn and others, 2012). They may be temporary and drain if
they reach the englacial drainage system (‘perched lakes’;
Gulley and Benn, 2007; Benn and others, 2012). However, if
the lakes reach the base level, individual lakes join together
and form a larger lake which can be dammed behind the
terminal moraine (‘base-level lakes’), as observed, for
example, at Jonsung Glacier, Sikkim (glacier 10 in Fig. 1).
Impact of lake formation
Moraine-dam lakes have a strong impact on glacier dynam-
ics. The lakes at the terminus of glaciers modify the stress
regime of the glacier ice in contact. The presence of the
lakes increases the terminus disintegration by the process of
calving, and also transmits thermal energy to the ice front,
accelerating melting which leads to a loss in glacier area
(Komori, 2008; Ro¨hl, 2008; Sakai and others, 2009;
Gardelle and others, 2011). Detailed investigations in the
Mount Everest area show a significant larger retreat and
volume loss for debris-covered Imja Glacier, where a lake
developed after the 1960s. This was not true for adjacent
glaciers with similar characteristics but without any, or with
very small, glacier lakes (Bajracharja and Mool, 2009; Bolch
and others, 2011). This is observed in this study where
moraine-dam lakes have substantially influenced glacier
retreat, with an overall deglaciation of 0.20 km2 per glacier,
between 1989 and 2010. Likewise, in the Himalaya, studies
have reported a much larger lake growth in the eastern
Himalaya than in the central and drier northwest regions
(Xin and others, 2008; Gardelle and others, 2011).
Climate considerations
The mean annual air temperature (MAAT) record at Gangtok
station (located at 1812ma.s.l. (Fig. 1); has 24 years of
continuous and complete long-term records) showed a rise
of 1.038C (0.0438Ca–1) between 1987 and 2011. The
summer (April–October) minimum temperature also re-
corded a rise of !18C, but a significant increase of 2.048C
was observed in the winter (November–March) minimum
temperature. The winter maximum temperature rose by
1.138C as opposed to a 0.178C rise in the summer maximum
temperature, suggesting warmer winters (Fig. 11). The
precipitation had no clear trend due to the high variability
in rainfall patterns, but, on average, there was a slight
decrease in winter precipitation (Fig. 12).
The climate observations showed a rise in MAAT and a
decline in the winter precipitation. These observations are
similar to weather station data observed in Nepal Himalaya
(Shrestha and others, 2000). The Sikkim glaciers are
predominantly monsoon-affected and are more sensitive to
temperature changes than winter-accumulation-type
glaciers, as the temperature increase directly reduces solid
precipitation (Fujita, 2008). One reason for the loss in
glacier area and the development of lakes on the Sikkim
glaciers could be the rise in MAAT over recent decades and,
especially, higher winter and summer minimum tempera-
tures, leading to a prolonged melting season, accompanied
by a slight decrease in winter precipitation (Figs 11 and 12).
Precipitation may fall as rain on the higher regions of
glaciers and reduce the accumulation area, leading to an
upward shift in the 08C isotherm line. This causes a high rate
of retreat at lower elevations (Racoviteanu and others,
2008b; Bolch and others, 2012).
However, the climate record is too short-term for
confirmation, as the glacier response time, which can be
some decades for larger glaciers, has to be taken into
account. In addition, Gangtok station and most of the
regional weather stations are located below 2000m in
Sikkim and may not provide applicable comparisons to the
glacier environment. This is especially true for precipitation,
which is highly variable, especially in mountainous terrain,
so trends can differ significantly (Bhambri and others, 2011).
Thus, setting up a glacier observatory would fill the data gap.
CONCLUSIONS
Remote-sensing data were used to estimate the glacier area
in the Tista basin for the years 1989/90, 1997, 2004/05 and
2009/10. The ‘mapping’ and ‘interpretation’ uncertainties
Basnett and others: Recession of glaciers in Sikkim Himalaya 1043
were estimated using perimeters, spatial resolution of
sensors and considering uncertainties in identifying glacier
snouts. The investigation has shown an overall reduction of
6.9"1.5 km2 (!0.16%a–1) in the glacier area between
1989 and 2010. The loss in glacier area in Sikkim
accelerated after 1997. Moreover, the development and
expansion of lakes and supraglacial lakes on debris-covered
glaciers was observed during this period. The number of
‘debris with lakes’ glaciers, the area of debris cover and the
size of moraine-dammed lakes has also increased and this
could further influence mass loss. Analysis of the climate
data indicates that the loss in glacier area is possibly caused
by increasing temperatures. However, the reaction of
glaciers to climate change is not uniform, as ‘clean’, ‘debris’
and ‘debris with lakes’ glaciers showed variations in area
loss, though located in almost the same altitude ranges. Most
‘debris-covered glaciers’ in Sikkim have moraine-dam lakes
at their termini, and showed a greater loss in area than
‘clean’ glaciers. Though some ‘debris-covered glaciers’
showed stable fronts, the gradual development and coales-
Fig. 11. Trends in mean annual, summer and winter temperatures from 1987 to 2011 at Gangtok, Sikkim. The summer months are April–
October and the winter months are November–March. The temperature trends are extracted from the mean monthly temperature records at
Gangtok station.
Fig. 12. Variable trends in summer and winter rainfall between 1987 and 2011 at Gangtok. The rainfall data are extracted from the monthly
total rainfall records. The summer rainfall is highly variable.
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cence of supraglacial lakes led to the formation of moraine-
dam lakes at the terminus. This study suggests that ‘debris
cover’ on glaciers can enhance the development of glacial
lakes. As a consequence, the retreat of debris-covered
glaciers associated with lakes is clearly higher than that of
debris-free glaciers.
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